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DELAY COMPENSATION CIRCUIT 

Background of the Invention 

[0001] The present invention relates generally to synchronous circuit design, and more 
particularly, to a circuit for measuring and compensating for variations in the process, voltage 
and temperature (PVT) conditions of an integrated circuit. 

Description of the Related Art 

[0002] In digital circuits, synchronous logic elements operate by accepting and locking into a 
data signal during a transition of a clock signal. Such logic elements include D flip-flops, 
latch circuits, linear feedback shift registers (LFSRs), and counters. In order for a 
synchronous logic element to lock into a data signal, the signal must remain stable for some 
time prior to the clock edge, i.e., during a setup time. Also, the data signal usually must 
remain stable for some time after the clock edge, i.e., during a hold time, to be locked in by 
the synchronous logic element. If the data signal is not stable for both the setup time and the 
hold time of a synchronous logic element, the data signal may or may not be captured by the 
logic element. 

[0003] Fig. 1A illustrates the operation of a synchronous logic element, specifically a D flip- 
flop DFF. In this example, the input data signal A is also used as the clock signal. Typically, 
the data signal and the clock signal are not shared, but instead are distinct signals. They are 
shown as sharing the same signal in Figs. 1A and IB to simplify the description of the related 
art. All descriptions herein apply to the case where the clock and data signals are distinct. 
[0004] As shown in the timing diagrams of Fig. 1 A, signal A is applied at the D input and 

clock input CK of the D flip-flop DFF. Therefore, the required setup time T su of the flip-flop 
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DFF cannot be satisfied, and the Q output is indeterminate. This situation is shown in the 
timing diagram of Fig. 1A. However, such violations of setup time are not limited to 
instances where the input data signal is used to clock itself in a synchronous logic element. 
[0005] For instance, clock skew (i.e., minor variations in the time at which clock signals 
arrive at their destinations in a chip) may cause the clock signal to arrive earlier than 
expected. Therefore, clock skew may cause a data signal to violate the setup time. Clock 
skew can be caused by, among other things, the process, voltage, and temperature (PVT) 
conditions of the synchronous logic element. 

[0006] One way to prevent setup time violations is to add a delay element to the path of the 
clock signal. Fig. IB shows a delay element added to the clock path of the D flip-flop DFF in 
Fig. 1A. As shown in the timing diagram of Fig. IB, the delay element delays the signal A 
applied to the CK input by a time T d , thereby shifting the clock edge such that the data signal 
is stable during the setup time T su . 

[0007] However, the delay time T d may vary according to the PVT conditions of the delay 
element. For example, if the temperature varies between from about -40°c to 125°c, the 
supply voltage varies by +/-15 %, and/or the process conditions of the delay element varies 
between worst case fast and worst case slow, the delay time T d may vary from below 50% to 
over 100% of the designated delay time T d . Such changes in delay time T d may result in a 
violation of the setup time or the hold time of the D flip-flop DFF, or other types of 
synchronous logic elements. 

[0008] One solution to this problem has been to use a type of variable delay element 
consisting of several small delay cells, where each small delay cell has a relatively short 
delay time T s . The number of small delay cells within the variable delay element that are 
effectively used to delay the clock signal can be changed, based on PVT conditions. 
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Accordingly, the delay time T d of the variable delay element (the sum total of delay times T s 
of the effective small delay cells) of the effective can be kept constant, despite variances in 
PVT conditions. The tapped delay circuit 10, illustrated in Fig. 2, is an example of such a 
variable delay circuit. 

[0009] As shown in Fig. 2, a tapped delay circuit 10 is comprised of a group of tapped small 
delay cells SD1, ... , SD8, which are connected in series. The DELC1V15 delay component 
is an exemplary type of small delay cell SDn (n being within the range of 1 to 8 in Fig. 2) that 
can be used in tapped delay circuit 10. The DELC1V15 component has an expected delay 
time in worst case fast conditions of about 0.4 nanoseconds (ns), and an expected delay time 
during worst case slow conditions of about 1.0 ns. However, for the tapped delay circuit 10 
and other subsequently described circuits, any component having a known delay time T s may 
be used instead of the DELC1V15 component. The desired resolution and the frequency of 
the input clock, CLK, generally determine the selection of the delay component. 
[0010] As discussed above, each small delay cell SDn in Fig. 2 has a relatively short time 
delay time T s . An input signal IN is input to the first small delay cell, and the delayed signal 
propagates from small delay cell SD1 to the next small delay cell SD2 to the next small delay 
cell SD3, etc., until it propagates to the last small delay cell SD8. Therefore, the signal at tap 
1 will be delayed by T s , the signal at tap 2 will be delayed by 2 * T s , and so forth. 
Multiplexor MUXA selects and outputs the tap signal based corresponding to a series number 
received via control signal CTL. 

[0011] Fig. 3 illustrates a variable delay control circuit 100, in which the delay time T d of 

tapped delay circuit 10 of Fig. 2 is controlled by shift register array 30 and phase detector 40, 

through adjustment of the series number. The number of small delay cells SDn in tapped 

delay circuit 10 is based on the desired resolution of variable delay control circuit 100. 
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[0012] The shift register array 30 contains the series number, which comprises a number of 
bits that corresponds to the number of small delay cells SDn. If the tapped delay circuit 10 
has eight small delay cells SDn, as illustrated in Fig. 2, the shift register array 30 will hold a 
series number comprising eight digits. Each digit corresponds to a specific small delay cell 
tap. One of the digits contains a "1" bit while all of the other digits contain "0" bits. The 
digit containing the "1" bit corresponds to the tap whose signal is selected and output by 
multiplexor MUX A. 

[0013] The variable delay control circuit 100 operates as follows. First, an input clock signal 
CLK is input to the first tapped delay circuit 10 of the tapped delay circuit 10. The tapped 
delay circuit 10 outputs a clock signal P_CK delayed according to delay time T d , which is 
determined by the series number in shift register array 30. Both the delayed clock signal 
P_CK and the input clock signal CLK are sent to phase detector 40, which detects a phase 
difference between the input clock CLK and the delayed clock signal P CK. 
[0014] Based on a detected phase difference, phase detector 40 will generate either a right 
shift signal CSR or a left shift signal CSL, if necessary, which shifts the "1" bit of the series 
number in the shift register array 30 to either the left or right. As a result of the modified 
series number, the multiplexor MUX A of the tapped delay circuit 10 will select and output a 
different tap signal. 

[0015] The variable delay control circuit 100 of Fig. 2 can be considered a type of delay- 
locked loop (DLL), because it synchronizes or aligns the delayed clock signal P_CK with the 
input clock signal CLK. 

[0016] Fig. 4 illustrates a timing diagram including reference signals PdO and P_dl of phase 
detector 40, which are generated based on clock signal CLK . Specifically, the phases of 
P_d0 and P_dl define the boundaries of an optimally delayed clock signal, hi other words, if 



Docket Number: 29250-000565 
the time delay T d of the tapped delay circuit 10 is within circuit design requirements (e.g., 
meet required setup and hold times), the phase of PCK will fall between the phases of P_d0 
and P_dl. Therefore, phase detector 40 compares the phase of P_CK signal to P_d0 and 
P_dl to determine whether adjustments to the series number and parallel number are 
necessary. 

[0017] Specifically, phase detector 40 checks whether the rising edge of signal P_CK falls 
between the rising edges of signals P_d0 and P_dl, i.e., falls within time window T w . If the 
edge of P CK does not fall within window T w , then phase detector will generate CSR or CSL 
signals to modify the series number, thereby causing the phase of P CK to shift to the left or 
right. For instance, if the rising edge of P_CK falls within time interval Rl of Fig. 4, where 
both P_d0 and P_dl are high, phase detector 40 will generate a right shift signal CSR that 
causes the series number to decrease (i.e., cause the "1" bit to shift to the right), thereby 
causing P CK to shift toward the left. Alternatively, if the rising edge of P_CK falls within 
time interval LI, where both P dO and P dl are low, the phase detector 40 will generate a 
left shift signal CSL that causes the series number to increase (i.e., cause the "1" bit to shift to 
the left), thereby shifting P_CK toward the right. 

[0018] Once the rising edge of P_CK falls within window T w , then the variable delay control 
circuit 100 determines that the delay time T d of the tapped delay circuit 10 is correct. 
However, a problem may arise within variable delay control circuit 100, which causes delay 
time Td to be set improperly set. 

[0019] Specifically, when the system is powered on, the series number may be preset to a 
number that causes P_CK to be ahead of input clock signal CLK by a half cycle, or preset to 
a number that causes P_CK to be delayed by a full cycle with respect to CLK. Such a 
problem is caused variations in PVT conditions and may result in the delay times of each 
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small delay cell SDn of the tapped delay circuit 10 to change from below -50% to above 
100% of the normal delay time. 

[0020] As a result of this problem, the edge of signal P_CK may fall within one of the time 
intervals L2 or R2 of the timing diagram in Fig. 4. If the rising edge falls in L2, the phase 
detector 40 will generate a right shift signal CSR causing the rising edge of P_CK to fall 
within the time window T w of interval HC (half a cycle late). Otherwise, if the rising edge 
falls in R2, phase detector 40 will generate a left shift signal CSL causing P_CK rising edge 
to fall within FC (a full cycle late). 

[0021] Alternatively, the above problem may cause the edge of signal P_CK to fall within 
one of time intervals HC or FC. In this situation, the coarse phase detector 40 will not 
generate any right shift CSR or left shift signals CSL. 

[0022] If the series number is set such that the rising edge of P_CK falls within either interval 
HC or FC, the delay time T d of variable delay circuit 20 will not be correctly set. Therefore, 
it would be advantageous to detect PVT conditions after the tapped delay circuit 10 is 
powered on, so that the series number of the shift register array can be correctly preset and 
the delay time of a variable delay circuit will meet the delay requirements (e.g., setup time 
and hold time of a synchronous logic unit). 

[0023] Further, it would generally be advantageous in the related art to determine the effects 
of various PVT conditions on an integrated circuit for the purposes of programming the delay 
components of the chip or for designing circuits to compensate for the PVT conditions. 

Summary of the Invention 

[0024] The present invention provides a delay compensation circuit, which measures PVT 
conditions of an integrated circuit by measuring the operating conditions of components 



Docket Number: 29250-000565 
inside the integrated circuit. In particular, the delay compensation circuit outputs digital 
signals representative of the PVT conditions, which depend on the effective delay time of 
delay components within the chip. Updated PVT information can be obtained periodically 
from the delay compensation circuit during and used to control variable delay circuits within 
the chip. Also, such information can be collected and used to determine the range of PVT 
conditions that a chip must operate under in a specific system or application. This 
information can be quite useful for designing chips that meet certain performance criteria, 
regardless of variations in PVT conditions. 

[0025] In an exemplary embodiment of the present invention, the delay compensation circuit 
includes a plurality of sampler modules, each of which receives a delayed clock signal from a 
delay component within a tapped delay circuit. Therefore, the clock signal of each sampler 
module is delayed by a greater amount than the previous sampler module. When a fixed 
input signal is applied to each sampler module, the number of sampler modules that lock into 
the input signal is detected and converted into a value representative of the current PVT 
conditions. 

[0026] Another exemplary embodiment of the present invention provides an improved 
variable delay control circuit that uses information obtained by the delay compensation 
circuit to control the delay time of the variable delay component to meet the setup and hold 
time requirements of a chip component despite variations in PVT conditions. 
[0027] In another exemplary embodiment, the variable delay control circuit includes a 
variable delay component, which is a tapped delay circuit. The delay compensation circuit 
periodically measures the PVT conditions of the chip. The digitized output signals are 
encoded into a series number, which is transmitted from the shift register array to a 
multiplexor of the tapped delay circuit. 
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[0028] A variable delay control circuit utilizing the delay compensation circuit of the present 
invention can be used with a plurality of digital chips having setup and hold time 
requirements. Such chips may include input and output buffers, field programmable gate 
arrays (FPGAs), delay-locked loops (DLLs), digital phase-locked loops (PLLs), D flip-flops, 
and other types of synchronous logic elements. In addition, the PVT information provided 
by the delay compensation circuit of the present invention can be used for designing such 
chips to be used in timing critical applications. 

[0029] In another exemplary embodiment of the present invention, a variation circuit stores 
the maximum and minimum values output by the delay compensation circuit. Such 
information can be used to determine the range of PVT operating conditions for a particular 
application, or to ensure that a chip is not operating outside of this range. 
[0030] Advantages of the present invention will become more apparent from the detailed 
description given hereafter. However, it should be understood that the detailed description 
and specific examples, while indicating preferred embodiments of the invention, are given by 
way of illustration only, since various changes and modification within the spirit and scope of 
the invention will become apparent to those skilled in the art from this detailed description. 

Brief Description of the Drawings 

[0031] The present invention will become more fully understood from the detailed 
description given below and the accompanying drawings, which are given for purposes of 
illustration only, and thus do not limit the present invention. 

[0032] Fig. 1A illustrates the operation of a D flip-flop in which the data signal is also used 
as the clock signal. 
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[0033] Fig. IB illustrates the operation of a D flip-flop in which a delay element is inserted in 
the clock path. 

[0034] Fig. 2 illustrates a tapped delay circuit in the related art. 

[0035] Fig. 3 illustrates a variable delay control circuit in the related art. 

[0036] Fig. 4 illustrates a timing diagram including the internal signals of the phase detector 

in a variable delay control circuit of the related art. 

[0037] Fig. 5 illustrates a delay compensation circuit according to an exemplary embodiment 
of the present invention. 

[0038] Fig. 6 illustrates a variable delay control circuit according to an exemplary 
embodiment of the present invention. 

[0039] Fig. 7 illustrates a timing diagram of the input clock signal and signals within the 
delay compensation circuit. 

[0040] Fig. 8 is a table showing the expected synchronizing outputs for a delay compensation 
circuit using DELC1V15 components according to worst case fast and worst case slow 
conditions. 

[0041] Figs. 9A-9C illustrate a circuit including an output buffer whose timing critical design 
can be improved using the variable delay control circuit of the present invention. 
[0042] Fig. 10 illustrates a variation circuit according to an exemplary embodiment of the 
present invention. 

Detailed Description of Exemplary Embodiments 

[0043] As described above, the present invention is directed to a delay compensation circuit, 

which measures the effects of PVT variations on a chip by measuring variations in the delay 

time of a delay component in the chip. The delay compensation circuit of the present 
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invention can be utilized to program the delay time of a variable delay component and for 
providing information to be used in chip design to compensate for PVT conditions. Many of 
the figures referred to in connection with this detailed description contain similar 
components. The same reference labels will be used throughout the figures to denote similar 
components. 

[0044] Fig. 5 illustrates a delay compensation circuit 50 according to an exemplary 
embodiment of the present invention. An external clock signal CLK is connected to counter 
51, an input of logical AND gate Al, sampling modules 53 and 54, synchronizers 56, and 
latches 58 and 59. The output C of counter 51 is connected to decoder 52. Output CNT4 of 
the decoder 52 is connected to the EN terminals of latches 58 and 59, while output CNT7 is 
connected to the data inputs of samplers 53 and 54. The output CNT0 I of sampling module 
53 is connected to an input of logical AND gate Al, while the output CNT0 of sampling 
module 54 is connected to the inputs of sampling modules 55. The output CLK_CNT0 of 
gate Al is connected to the input of tapped delay circuit 60, which has a specific number m 
of delay cells D (in Fig. 5, m = 32). Tapped delay circuit 60 differs from the tapped delay 
circuit 10 of Fig. 2, in that tapped delay circuit 60 does not include a multiplexor connected 
to the taps. Each tap of tapped delay circuit 60 is connected to the clock input of a sampling 
module 55. Each of the outputs S 0 , ... , S m of sampling modules 55 are connected to the 
input of a corresponding synchronizing unit 56. The outputs of the synchronizing units 56 
are connected to an encoder 57, which outputs an n-bit number (in Fig. 5, n = 5) to latches 58 
and 59. 

[0045] In an exemplary embodiment, sampling modules 53, 54, and 55, synchronizers 56 and 

latches 58 and 59 may comprise flip-flops. In a further exemplary embodiment, the delay 

cells D of tapped delay circuit 60 may comprise DELC1V15 delay components. However, 
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various types of circuits or components may be implemented as the sampling modules 53-55, 
synchronizers 56, latches 58 and 59, and delay cells D as will be apparent to those of ordinary 
skill in the art. 

[0046] The operation of the delay compensation circuit 50 will now be described. When the 
circuit is first powered on, register reset signal RRESET or global reset signal RSTN causes 
reset signal RESETN to be asserted. Reset signal RESETN resets each of the elements 53, 
54, 55, 58, and 59 to zero. When the reset signal RESETN is released, three-bit counter 51 
counts the rising edges of clock signal CLK. Decoder 52 decodes the count value C of 
counter 51. As shown in the timing diagram of Fig. 7, on the fifth rising edge of CLK, count 
value C has a value of four and CNT4 becomes high (= "1") for a period of one CLK cycle. 
Similarly, on the eighth rising edge of CLK, C has a value of seven and CNT7 becomes high 
for a period of one CLK cycle. 

[0047] Sampling module 53 samples CNT7 on the falling edge of the clock signal CLK. 
Therefore, CNT0_I becomes high during the period when CNT7 is high. Sampling module 
54 samples the value of CNT7 at the rising edge of clock signal CLK and generates CNT0 as 
the value of CNT7 delayed by one clock cycle. CNT0 is then transmitted to the data inputs 
of sampling modules 55. 

[0048] A clock pulse CLKCNTO is generated by logically ANDing clock signal CLK and 
CNT0I. The clock pulse CLK CNTO is transmitted through a series of delay cells D in 
tapped delay circuit 60. The tap of each delay cell D is connected to the clock input of a 
corresponding sampling module 55. Therefore, if the clock pulse CLK_CNT0 reaches a 
certain delay cell D, while the signal CNT0 = "1" (i.e., CLKCNTO reaches a delay cell D 
within one CLK cycle), then the sampling module 55 corresponding to that delay cell D will 
lock into, and correspondingly output, a high signal. 
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[0049] The number of sampling module outputs So, ... , S31 that have a value of "1" is 
dependent on the delay times of each delay cell D. The delay times of each delay cell D is, in 
turn, dependent on the PVT conditions. Fig. 7 shows the delayed clock signals CLK0, ... , 
CLK 31 that are output at the taps of tapped delay circuit 60. As shown in Fig. 7, as PVT 
conditions change from worst case fast to worst case slow, the delayed clock pulses CLK0, 
... , CLK 31 become spaced farther apart, so that less of the delayed pulses CLKO, ... , 
CLK31 occur while CNT0 = "1". Accordingly, the number of sampling module outputs So, 
... , S31 that have a high value, corresponds to the PVT conditions of the chip in which the 
delay compensation circuit 50 is implemented. 

[0050] Each sampling module outputs So, ... , S31 is sent to its corresponding synchronizing 
unit 56. The synchronizing units 56 are driven by clock signal CLK and ensure that 
metastability is avoided. It should be noted, however, that synchronizing units 56 may not be 
needed if the sampling modules 55 are designed to prevent metastability at outputs So, ... , 
S31. The synchronizing unit outputs A 0 , ... , A31 are encoded by encoder 57 into a five-bit 
PVT value. The value of PVT represents the placement of the most delayed clock pulse 
CLKO, ... , CLK31 that occurs when CNT0 is high. For example, if CLK 14 is the most 
delayed pulse, A 0 to A u will be "1" and PVT will output "OHIO." The PVT value will be 
inversely related to the delay time of the delay cells D. In other words, as the delay time of 
delay cells D increases due to variances in PVT conditions, the PVT value output by encoder 
57 will decrease. 

[0051] The five-bit binary PVT value is latched onto by latch 59, when the value of CNT4 = 
"1", and output as the value PVT. However, the time at which the value is latched can be any 
time after AO-31 takes its value. In Fig. 7, this occurs at C=2. In this case, it is possible to 
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design the delay compensation circuit 50 to latch the PVT value at C=3 (CNT3 = 1), 0=4 
(CNT4=1), or later. 

[0052] At this point, the encoder 57 also outputs a PVTERR output, which is high whenever 
none of the synchronizing unit outputs Ao, ... , A 3i are "1," or whenever all of the 
synchronizing unit outputs A 0 , ... , A 3 i are "1". The signal PVTERR indicates that the value 
of PVT is not within the range of valid values, possibly as a result of a malfunction in one or 
more components of the delay compensation circuit 50 or as a result of the delay 
compensation circuit 50 operating outside the limits (temperature, voltage, or other limit) for 
which it was designed. 

[0053] As described above, the number of delayed clock pulses CLK0 . . . CLK3 1 that are 
output at the taps of the tapped delay circuit 60 depend on the PVT conditions of the delay 
cells D. In a preferred embodiment, the delay cells D of the tapped delay circuit 60 are 
DELC1V15 delay elements. For the DELC1V15 component, the expected delay time in 
worst case fast conditions is about 0.4 nanoseconds (ns), and the expected delay time during 
worst case slow conditions is about 1.0 ns. Fig. 8 illustrates the expected synchronizing unit 
outputs Ai, ... , A 3 i for the worst case fast (WCF) and worst case slow (WCS) conditions of 
the DELC1V15 components. As seen in Fig. 8, during worst case fast conditions (WCF), 
eighteen of the synchronizing unit outputs (A 0 ... An) should output a "1," while during 
worst case slow conditions (WCS), only seven of the synchronizing unit outputs (Ao . . . A 6 ) 
should output a "1." 

[0054] One advantage to using the DELC1V15 component is that it has a 1 ns delay in WCS 

conditions. This makes it easy to interpret the PVT value because the PVT value is equal to 

the integer value of the clock period in WCS operating conditions. For example, suppose the 

period of the input clock is 7.1 ns. hi WCS conditions, this gives a PVT value of 7. If a PVT 
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value of 14 is obtained (2x WCS value), then you know the chip is operating twice as fast as 

in WCS conditions (i.e. delay cells have Vi the delay than WCS conditions). 

[0055] However, as will be evident to those of ordinary skill, other types of delay 

components having a known delay time T s can replace DELC1V15 component, especially 

delay components that are suited for the specific requirements of an integrated circuit in a 

particular application, e.g., delay resolution and input clock frequency. 

[0056] In general, the following parameters are useful for analyzing the PVT value output by 

the delay compensation circuit 50: 

PVT = ClockPeriod / DelayElementDelay. 
PVTMAX = ClockPeriod / DelayElementWCFDelay 
PVTMIN - ClockPeriod / DelayElementWCSDelay 
DelayElementQuantity > ClockPeriod/DelayElementWCFDelay 

ClockPeriod is the period of clock signal CLK. DelayElementDelay is the delay time of one 

delay cell D in tapped delay circuit 60. DelayElementWCFDelay and 

DelayElementWCSDelay are the delay times of one delay cell D in tapped delay circuit 60 in 

WCF and WCS conditions, respectively. The PVTMAX and PVTMIN are the maximum and 

minimum possible PVT values, and can be determined at the time of design. 

DelayElementQuantity is the number of delay cells D in taped delay circuit 60. The delay 

compensation circuit 50 of the present invention determines the PVT value. 

[0057] In addition, it may be useful to scale the PVT value output by the delay compensation 

circuit 50, in order to provide easier interpretation of the results. This scaling can be 

performed by additional circuits or by software since a processor can access the PVT value. 

Here are some examples: 

FastFactor = PVT / PVTMIN = DelayElementDelay/DelayElementWCSDelay 
SlowFactor = PVT / PVTMAX = DelayElementDelay/DelayElementWCFDelay 
ScaledPVT = (PVT - PVTMIN) * (ScaleRange/PVTRange) + ScaleMin 
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where: 

ScaleRange = ScaleMax — ScaleMin 
P VTRange = PVTMAX - PVTMIN 

FastFactor indicates how fast the chip is operating relative to WCS conditions. A value of n 

indicates that the chip is n times faster than in WCS conditions. Similarly, the SlowFactor 

indicates how slow the chip is operating relative to WCF conditions. A value of n indicates 

that the chip is n times slower than in WCF conditions. The ScaledPVT value allows the 

PVT value to be represented over any value range. For example, to scale the PVT value from 

0 to 100, ScaleMax =100 and ScaleMin = 0. Scaling the PVT value results in values that are 

independent of the period of clock signal CLK, the delay cell delay time T s , and the number 

of delay elements in tapped delay circuit 60. This makes possible a generic implementation 

that is technology (e.g. 0.16 micron) independent. 

[0058] Referring again to Fig. 7, the three-bit counter 51 resets to zero after the count value C 
reaches seven. Therefore, the delay compensation circuit 50 illustrated in Fig. 5 is designed 
to generate a new PVT value every eight cycles of CLK. However, the frequency at which 
the PVT value is updated can be increased or decreased by simple modifications to the delay 
compensation circuit 50. For example, if the PVT value is to be updated every sixteen 
cycles, then the three-bit counter 5 1 may be replaced by a four-bit counter, and the decoder 
52 can be configured to output a CNT15 signal (which becomes high at C = 15). Other such 
design modifications (e.g., increasing CLK frequency) can be made to the delay 
compensation circuit 50 to increase or decrease the frequency at which the output value PVT 
is updated, as will be evident to those of ordinary skill. 

[0059] It should be noted that Fig. 5 illustrates an exemplary embodiment of the delay 

compensation circuit 50 of the present invention and should not be construed as limiting the 

present invention. Various modifications and changes may be made to this circuit 50 without 
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departing from the spirit and scope of the invention. For example, the number m of delay 
cells D, as well as the number n of bits output by decoder 57, may be changed according to a 
desired resolution for the PVT measurements. 

[0060] As described above, the PVT output of the delay control circuit 50 can be used to 
monitor variances in the PVT conditions, such as changes in the voltage and temperature, of a 
chip. Since variances in PVT conditions affect the delay times of delay components, the 
delay compensation circuit 50 of the present invention can be very useful in controlling a 
variable delay component, such as the tapped delay circuit 10 of Fig. 2. 
[0061] Fig. 6 illustrates a variable delay control circuit 200 that uses the delay compensation 
circuit 50 according to an exemplary embodiment of the present invention. In the variable 
delay control circuit 200 of Fig. 6, the output value PVT of the delay compensation circuit 50 
is used to determine the series number for multiplexor MUX A, which is transmitted via 
control signal CNT. In this embodiment, if the desired delay time T<i of the tapped delay 
circuit 10 is equal to the period of clock signal CLK, and the configuration of tapped delay 
circuit 10 is identical to the configuration of tapped delay circuit 60 in delay compensation 
circuit 50, with respect to the number and type of delay cells used, then the output value PVT 
of the delay compensation circuit 50 can be directly transmitted to and used by multiplexor 
MUX A as the series number. If this is not the case, an encoder element can be used to 
convert the output value PVT to a series number within the delay compensation circuit, or the 
multiplexor MUX A of the variable delay control circuit 200. 

[0062] As noted above, in one exemplary embodiment, the tapped delay circuit 60 of delay 

compensation circuit 50 may be configured identically to the tapped delay circuit 10 of 

variable delay control circuit 200. In an alternative embodiment, the tapped delay circuit 60 

of delay compensation circuit 50 may actually be the same circuit as the tapped delay circuit 
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10 of variable control device 200, by connecting the taps of each delay cell D in the tapped 
delay circuit 60 to both multiplexor MUX A of variable control circuit 200 and to the 
sampling modules 55 of delay compensation circuit 50. 

[0063] Although Fig. 6 illustrates an embodiment in which the variable delay control circuit 
200 is used to control the delay time Td of a tapped delay circuit 10. However, the variable 
delay control circuit 200 of the present invention is in no way limited to a tapped delay circuit 
10. The variable delay control circuit 200 may used to control the delay time of any type 
of controllable or programmable variable delay component according to control signal CTL 
(which is generated from the output PVT of delay compensation circuit 50). 
[0064] hi an exemplary embodiment of the invention, the variable delay control circuit 200 
can be used with timing critical applications, in which circuits are designed to operate the 
same way regardless of the PVT conditions. Fig. 9A illustrates a particular timing critical 
application, in which the circuit includes an output buffer BUF. In particular, buffer BUF 
must have an operating time window that will perform the required data operations, 
regardless of whether the circuit is operating according to worst case slow conditions or worst 
case fast conditions (i.e., regardless of PVT conditions). 

[0065] In circuits such as the one shown in Fig. 9A, the worst case slow conditions can have 

a derating factor between 2.0 and 4.0 with respect to the worst case fast conditions. For the 

circuit in Fig. 9A, a derating factor of 3 will be assumed. Accordingly, if the clock signal has 

a 5 ns delay from the clock input to the buffer BUF output under worst slow conditions, then 

the delay under worst fast conditions will be about 1.67 ns (5 / 3 = 1.67). Therefore, the 

clock delay window is 5 - 1 .67 = 3.33 ns (as shown in the timing diagram of Fig. 9B). 

[0066] If the device connected to the output of buffer BUF has a setup requirement of 1.0 ns 

and a hold requirement of 0.5 ns, then the data valid window must be at least 1.5 ns. 

17 



Docket Number: 29250-000565 
However, another 0.5 to 1.0 ns should be included in the data valid window to account for 
circuit board effects. Therefore, a data valid window can be as high as 2.5 ns, as shown in 
Fig. 9B. The operating window of buffer BUF, which is defined by the clock delay and the 
data valid portions, is about 6 ns (3.33 + 2.5 = 5.83 ns). Therefore, a data clock having a 
period of about 6 ns is required for the circuit of Fig. 9A. 

[0067] However, the variable delay control circuit 200 of the present invention can be 
inserted in the clock path before buffer BUF to delay the clock signal. The variable delay 
control circuit 200 will control the delay to be nearly 0 ns for worst case slow conditions and 
3.33 ns for worst case fast conditions. Therefore, the clock signal will be delayed for 5 ns by 
the variable delay control circuit 200 under all operating conditions, as shown in the timing 
diagram of Fig. 9C. Therefore, the 3.33 ns clock delay window caused by PVT variations 
can be eliminated from the operating window of buffer BUF, and the period of the clock 
signal can be reduced to about 3 ns. Accordingly, the variable delay control circuit 200 
allows the clock signal frequency to be doubled. 

[0068] Further, if a variable delay control circuit 200 and input buffer are used in conjunction 
with the device that receives the output of buffer BUF, the setup and hold times of this device 
can be significantly reduced (even reduced to nearly zero). Accordingly, the operating 
window of the circuit could be reduced to 1.5 ns, resulting in another doubling of the clock 
frequency. 

[0069] The improvement of clock rate is one of the most important and challenging fields in 
chip design. The present invention can be used to improve the clock rates of chips used in 
many different applications. These applications may include input/output buffers, memories, 
FPGAs, digital PLLs, DLLs, synchronous logic elements, etc. 
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[0070] Besides compensating for delay variation, the present invention can be used to 
compensate for any other functional variation across PVT conditions, including but not 
limited to current drive, output impedance, and resistance. For example, an output buffer 
may be specified to provide 4 milliamps (ma) of current. However, its current drive 
capability varies with PVT conditions. Whereas it provides 4 ma in WCS conditions, it may 
provide 8 ma in WCF conditions. The PVT value can be used to enable or disable multiple 
parallel output buffers so that current drive variation is reduced significantly with respect to 
PVT conditions. Suppose four output buffers are connected in parallel and each is capable of 
providing 1 ma of current in WCS conditions and 2ma of current in WCF conditions. The 
PVT value can be used to control which output buffers are enabled. In WCS conditions, all 
four output buffers are enabled to provide a total current of 4ma. In WCF conditions, only 2 
output buffers are enabled to provide a total current of 4ma. Such control improves not only 
chip performance but also board and system performance. By controlling output impedance 
across PVT conditions, signal integrity issues that are common in high speed board designs 
are minimized or eliminated and allow the board to be run at significantly higher speeds. 
[0071] In addition to controlling components in a chip to compensate for PVT conditions, the 
determination of PVT values by the delay compensation circuit 50 of the present invention 
also provides chip designers with useful information. 

[0072] Once a PVT value is known for a specific chip, it can only vary within a known range 

from that value. The process variation accounted for in the possible PVT range is with 

respect to all chips. For any one device, there is no process variation. Only temperature and 

voltage variation will affect the PVT value. Suppose the possible PVT range is from 7 to 18 

for all chips, and the PVT values for any one device can span three values. If one device has 

a PVT value of 14, then it is known that the PVT range for this device is limited to 12, 13, 14, 
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15, and 16: three values in either direction including the 14. The minimum possible value of 
12 means that this chip is at least 1.7 times faster than the slowest possible chip. This 
information can be used to adjust the clock frequency or any functional parameter to improve 
the performance. 

[0073] For example, if a chip is designed to operate at 100 MHz in WCS conditions, its 
operation is typically limited to 100 MHz since it is not possible to know if conditions are 
such that faster operation is possible. If the chip is designed to be frequency scalable, as is 
common with processors, a PVT value of 12 would indicate that it could operate at 170 MHz. 
The chip performance is no longer limited to 100 MHz. 

[0074] Further, if a different PVT value is obtained later, additional performance 
improvements could be made. For example, if the new PVT value is 15. This additional 
knowledge causes the PVT value of 12 to be eliminated as a possible value since it exceeds 
the known span of three values. This makes 13 the minimum possible PVT value and 
signifies that the chip is at least 1.85 times faster than the slowest possible chip. This 
scenario permits on-the-fly performance improvement as additional PVT values become 
available. 

[0075] Also, if chip performance degrades over time for any reason, its clock frequency or 
any functional parameter can be modified to accommodate the degradation without causing a 
functional failure. Degradation which exceeds a specified range of PVT values or other PVT 
based criteria can be used to trigger a warning of impending failure. This information can be 
used to prevent costly unscheduled system failures. 

[0076] Another exemplary embodiment of the present invention provides chip designers with 

useful information regarding the range of PVT conditions (i.e., variation of temperature, 

voltages, and processing conditions) that occur in a chip during a particular application. The 
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range of PVT conditions can be determined by storing the maximum and minimum PVT 
values generated during the operation of delay compensation circuit 50. 
[0077] In this embodiment, a variation circuit 70 is connected to the output of delay 
compensation circuit 50 to store the maximum and minimum generated PVT values. Fig. 10 
illustrates a variation circuit 70 according to an exemplary embodiment of the present 
invention. The variation circuit 70 receives the PVT value output from the delay 
compensation circuit 50. The PVT value is sent to data inputs of MIN register 76 and MAX 
register 78, as well as to the A input terminals of comparators 72 and 74. The contents 
PVTMTN of MIN register 76 and PVTMAX of MAX register 78 are connected to the B input 
terminal of comparators 72 and 74, respectively. The output of comparator 72 is sent to AND 
logic gate A2, and the output of comparator 74 is connected to AND logic gate A3. The 
signal PVTVALID is also connected to AND gates A2 and A3. The output of AND gates A2 
and A3 are sent to the control input EN of registers 76 and 78, respectively. The clock signal 
CLK is connected to the clock inputs of registers 76 and 78. 

[0078] In the exemplary embodiment of Fig. 10, the variation circuit 70 is configured to 
receive and process five-bit values, corresponding to the five-bit PVT output value of the 
delay compensation circuit 50 of Fig. 5. However, variation circuit 70 can be configured to 
process any n-bit values, in which n corresponds to the number of bits in the output value 
PVT of delay compensation circuit 50. 

[0079] The operation of the variation circuit 70 will now be described. When reset signal 
RESTEN = "0," MIN register 76 is initialized to binary value "11111" (31) and MAX 
register 78 is initialized to binary value "00000" (0). MIN register 76 stores the value 
PVTMTN (the minimum PVT value generated thus far), while MAX register 78 stores 
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PVTMAX (the maximum PVT value generated thus far). When delay compensation circuit 
50 generates a new PVT value, the new PVT value is compared to PVTMIN and PVTMAX. 
[0080] If comparator 72 determines that the new PVT value is smaller than PVTMIN, its 
output becomes high. An AND operation is performed on the output of comparator 72 and 
PVTVALID, to ensure that this new PVT value is valid. If both the output of comparator 72 
and signal PVTVALID are high, then a high signal is sent to the EN terminal of MIN register 
76, causing the register 76 to accept the new PVT value as PVTMIN. 

[0081] PVTMAX is similarly determined. If comparator 74 determines that the new PVT 
value is greater than PVTMAX, it outputs a "1." The output of comparator 74 is logically 
ANDed to PVTVALID, and if the result is "1", then a high signal is sent to MAX register 78, 
causing the register 78 to accept the new PVT value as PVTMAX. 

[0082] As mentioned above, the signal PVTVALID ensures that the new value of PVT 
received from delay compensation circuit 50 is valid. PVTVALID originates from the delay 
compensation circuit 50. For example, the value of PVTVALID may be generated by 
inverting the value PVTERR, and logically ANDing the inverted PVTERR signal with a 
CNT5 output of decoder 52 (CNT5 is "1" when count value C = 5). In such an embodiment, 
another register could be used to latch the PVT value that caused the error (i.e., caused 
PVTERR to go high) for further analysis. 

[0083] Alternatively, the PVTVALID could be independent of PVTERR (using only the 

CNT5 signal of decoder 52), in which case the PVT value that caused the error is stored as 

either PVTMIN or PVTMAX. By examining PVTMIN and PVTMAX when PVTERR goes 

high, it can be determined whether the upper or lower operating limit was exceeded. 

[0084] In an exemplary embodiment, the values PVTMIN and PVTMAX stored in variation 

circuit 70 can be used during chip design to adequately design components that compensate 
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for the expected range of PVT conditions of a particular application. Further, during the 
operation of a chip, PVT values generated by delay compensation circuit 50 can be compared 
to the range of values determined by variation circuit 70, to determine whether the chip is 
operating under extraordinary conditions for which it was not designed. 
[0085] The delay compensation circuit 50, variable delay control circuit 200, and variation 
circuit 70 can be used for the purposes described above, as well as for other purposes, as can 
be contemplated by those of ordinary skill in the art. 

[0086] The invention being thus described, it will be obvious that the same may be varied in 
many ways. Such variations are not to be regarded as a departure from the spirit and scope of 
the invention, and all such modifications as would be obvious to one skilled in the art are 
intended to be included with the scope of the following claims. 
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